Here we present, to the best of our knowledge, the first balanced light energy budget for a benthic microbial mat ecosystem, and show how the budget and the spatial distribution of the local photosynthetic efficiencies within the euphotic zone depend on the absorbed irradiance (J abs ). Our approach uses microscale measurements of the rates of heat dissipation, gross photosynthesis and light absorption in the system, and a model describing light propagation and conversion in a scattering-absorbing medium. The energy budget was dominated by heat dissipation on the expense of photosynthesis: in light-limiting conditions, 95.5% of the absorbed light energy dissipated as heat and 4.5% was channeled into photosynthesis. This energy disproportionation changed in favor of heat dissipation at increasing irradiance, with 499% of the absorbed light energy being dissipated as heat and o1% used by photosynthesis at J abs 4700 lmol photon m À2 s À1 (4150 J m À2 s
Introduction
About 3.8 Â 10 24 J of solar energy is anually absorbed by the Earth 0 s surface and atmosphere. The total energy consumption of humans in the year 2007 was 0.01% of this flux, whereas the primary productivity of global ecosystems is estimated at around 0.1% (Makarieva et al., 2008) . Thus, the amount of solar energy that is available but not yet harvested is enormous. Photosynthesis offers a possibility to use this energy source, as it is a mechanism by which solar energy is converted into chemical energy and stored as biomass in phototrophic organisms, such as plants, algae or cyanobacteria. Once stored, the organic material can serve as food for heterotrophic organisms, or can be further converted to other forms of usable energy such as fuel (Ragauskas et al., 2006) . Therefore, the study of photosynthetic efficiency is a very active research field, especially in recent years because of a growing demand for biofuels and technologies for sustainable energy production (Ragauskas et al., 2006; Mussgnug et al., 2007; Dismukes et al., 2008; Rosenberg et al., 2008) .
Research on photosynthetic efficiency has mainly focused on plants (Singsaas et al., 2001; Zhu et al., 2008) and planktonic algae (Dubinsky et al., 1986; Flameling and Kromkamp, 1998; Rosenberg et al., 2008) . The measurements are typically conducted in a homogeneous light field allowing a uniform transfer of light energy to the studied photosynthetic system, and thus facilitating detailed studies of underlying physiological mechanisms of light adaptation and acclimation. Benthic photosynthetic systems, such as biofilms and microbial mats, constitute an important component of shallow water habitats by contributing significantly to primary productivity (Cahoon, 1999; Guerrero et al., 2002) , but the photosynthetic efficiency and energy budget for such systems are virtually unexplored. Photosynthetic microbial mats are complex and highly compacted microbial ecosystems, where a high diversity of phototrophic and heterotrophic populations interact within a few millimeters thick photosynthetically active (euphotic) zone (van Gemerden, 1993; Stal, 2000) . Owing to the high concentration of cells and the presence of abiotic components, such as sediment particles, these benthic systems are fundamentally different from the terrestrial and planktonic systems investigated so far in that the light field is highly heterogeneous on spatial scales comparable with the size of and the distance between the individual organisms (Kü hl and Jørgensen, 1992 . To what extent such pronounced light gradients affect the photosynthetic efficiency of the individual cells and the energy budget of these microbial ecosystems as a whole is still an open question.
In photosynthesis research, the quantum efficiency (QE) is a frequently used measure of light conversion, as the photochemical reactions are driven by photons that are absorbed by the chlorophylls and their antenna in the photosystems, and lead to a charge separation across the thylakoid membrane. The photosynthetic QE is defined as the amount of CO 2 molecules assimilated per number of photons absorbed. Assuming a 1:1 stoichiometry of CO 2 fixation and O 2 production, which is reasonable when NH 4 þ is the predominant source of nitrogen, rather than NO 3 À , QE can also be determined from the amount of O 2 molecules produced per photon absorbed. QE is typically derived either from CO 2 or O 2 exchange measurements performed in flux chambers or by fluorimetry using variable chlorophyll a fluorescence measuring the quantum efficiency of photosystem II (Falkowski and Raven, 1997) . Assuming no losses, the maximal QE of photosynthesis is 0.125. This follows from the basic photon requirements for the amount of electrons that need to be transferred to oxidize water and reduce CO 2 , and from the fact that this electron transfer takes place sequentially over two reaction centers, each requiring one photon to separate one electron (thus, requiring in total eight photons per CO 2 molecule fixed or per O 2 molecule produced). Under light-limiting conditions, QE in terrestrial plants and planktonic algae can reach up to 0.110-0.111 (see Supplementary Table S1 ), which is indeed close to the theoretical maximum.
The energy efficiency (EE) is the preferred measure when considering photosynthesis in the context of energy production. According to definition, EE is the ratio between the energy stored as biomass and the absorbed light energy, and can be quantified directly from biomass growth experiments. Alternatively, EE can be derived from QE by considering the following steps: first, in the lightdependent reactions, in which O 2 is formed by splitting of water, reducing equivalents are used to form nicotinamide adenine dinucleotide phosphate (NADPH), and ATP is formed by the proton motive force, the energy gained and stored is E G ¼ 482.9 kJ (mol O 2 )
À1 . This follows from the Gibbs free energies of reactants in the reactions
and ADP þ P i -ATP (DG ¼ 43.9 kJ mol
À1
, both at pH 7; Thauer et al., 1977) . Second, the molar energy content of light with wavelength l is E l ¼ N A (hc/l), where N A , h and c are the Avogadro 0 s number, the Planck constant and the speed of light, respectively. Thus, assuming no intermediate losses, that is, the energy stored in the light-dependent reaction is fully used for CO 2 fixation in the dark reaction (equivalent to the assumption of O 2 :CO 2 stoichiometry being equal to 1), a relationship between EE and QE can be written as
Considering blue (450 nm) and red (670 nm) photons, which are most efficiently absorbed by chlorophyll a, the factor E G /E l ranges between 1.8-2.7 photon per O 2 , averaging at 2.22 photon per O 2 for an 'average' photon (550 nm) within the range of photosynthetically active radiation (PAR, 400-700 nm). Thus, the theoretical maximum EE of photosynthetic light utilization is about 27.7%. This represents a situation in which all incident photons are absorbed and used for O 2 evolution and equivalent CO 2 assimilation. The actual photosynthetic EE is lower, primarily because (i) capture of photons by photopigments and channeling of their energy to the reaction center is inefficient, (ii) photons are absorbed by cell components and accessory pigments that are not photosynthetically active, (iii) excess excitation energy is dissipated as heat by non-photochemical quenching processes, and (iv) part of the energy stored in the lightdependent reaction is used for processes other than CO 2 fixation (Schneider, 1973; Osmond, 1994; Huner et al., 1998; Zhu et al., 2008) . Direct biomass growth measurements for terrestrial C3 and C4 plants obtained EE values of 4.6 and 6.0%, respectively (Supplementary Table S1 ; Zhu et al., 2008) . So far the photosynthetic EE in benthic biofilms and microbial mats is unexplored.
Detailed studies of microbenthic photosynthesis (PS) require specialized tools and methods to resolve the distribution of light and photosynthetic activity at relevant spatial scales. Oxygen microsensors can resolve the steep concentration gradients of O 2 in microbial mats at mm resolution and the light-dependent O 2 dynamics at 0.1À0.2 s resolution Revsbech and Jørgensen, 1986) . Using the so-called light-dark shift method , O 2 microsensors can measure the volumetric rates of gross photosynthesis with a spatial resolution of 100À200 mm. When combined with measurements of the locally available light using fiber-optic microprobes (Kü hl, 2005) , the vertical distribution of the relative photosynthetic efficiency within a microbial mat can be quantified (Lassen et al., 1992b) . Microscale measurements of volumetric gross PS are typically done throughout the mm-thin euphotic zone under different incident irradiance levels and are then integrated over depth to yield the areal rate of gross PS for the entire ecosystem as a function of the incident irradiance. We compiled such data from a number of sources and, assuming that 90% of the incident irradiance was absorbed and used, obtained maximal QE for benthic photosynthetic systems in the range of 0.01À0.07 (Supplementary  Table S1 ). In principle, Equation 1 could be used to simply convert QE to EE, but this approach would not satisfactorily address the fundamental question of how the energy budget of a microbial mat ecosystem is balanced between the incident downwelling irradiance, upwelling irradiance, photosynthesis and heat dissipation, especially as a function of depth spanning the steep light and chemical gradients across the euphotic zone.
This study provides, to the best of our knowledge, the first complete energy budget assessment in a cyanobacterial mat, a model representative of a microphytobenthic ecosystem. We aimed to quantify how much of the incident light energy flux (J IN ) is back-scattered and thus lost to the environment (J R ), dissipated as heat (J H ) or chemically stored by photosynthesis (J PS ), and how this energy flow varies with depth across the euphotic zone. This general aim was divided into three main challenges:
(ii) to characterize how the budget depends on the incident irradiance, and (iii) to elucidate how the overall photosynthetic light utilization efficiency of the entire mat depends on the partial efficiencies of the different layers in the mat. We applied microsensors for O 2 , temperature and scalar irradiance to resolve the vertical variability of the energy conversion in the mat ecosystem, and analysed the data based on a new model that describes light propagation and conversion in a medium with intense absorption and scattering (see Supplementary Information).
Materials and methods
The studied cyanobacterial mat originated from an intertidal flat near Abu Dhabi (United Arab Emirates), and was kept in the laboratory in 0.2 mm filtered seawater (originating from the North Sea) under a 10-h light-14-h dark illumination regime at incident irradiance B480 mmol photon m À2 s
À1
(spectral composition similar to sunlight) before measurements. The measurements were conducted in a thermostated flow chamber that was vertically illuminated with a collimated light beam of PAR from a tungsten halogen lamp. A stable laminar flow of filtered aerated seawater (temperature 23 1C, salinity 35) above the mat surface was maintained throughout the measurements. High spatial resolution measurements of O 2 concentration, temperature and scalar irradiance were performed with a fast-responding Clark-type microelectrode (tip diameter B30 mm; Revsbech, 1989) , a thermocouple microsensor (tip diameter B50 mm; T50, Unisense A/S, Aarhus, Denmark) and a fiberoptic scalar irradiance microprobe (integrating sphere diameter B100 mm; Lassen et al., 1992a) connected to a spectrometer (USB4000, Ocean Optics, Dunedin, FL, USA), respectively. The downwelling spectral quantum irradiance (I l in mmol photon m À2 s À1 nm À1 ) was measured by a spectrometer equipped with a cosine collector and intercalibrated against a PAR quantum irradiance sensor connected to a light meter (LI-250, both from LI-COR Biosciences, Lincoln, NE, USA). The spectral irradiance reflectance of the mat (R l ) was calculated as R l ¼ I l,mat /I l,ref , where I l,mat and I l,ref are the back-scattered spectral radiances measured above the mat and above a white reflectance standard (Spectralon; Labsphere, North Sutton, NH, USA), respectively, with a fiberoptic field radiance microprobe (Jørgensen and des Marais, 1988) . This calculation assumed that the light back-scattered by the mat was diffused, which is typically the case for highly scattering benthic microbial communities .
The light energy absorbed in the mat (J abs in J m À2 s À1 ) was calculated as the vector irradiance by subtracting the downwelling and upwelling irradiance:
where E l is the energy of a photon with wavelength l (see Introduction). The incident light energy that was absorbed by the mat but not conserved as chemical energy by photosynthesis resulted in an increase of the mat temperature relative to that of the overlaying water. This allowed calculation of the areal rate of heat dissipation inside the euphotic zone of the mat (J H in J m À2 s À1 ) from Fourier's law of conduction, that is,
where k is the thermal conductivity in water (0.6 J m À1 s À1 K À1 ) and qT/qz is the temperature gradient measured in the thermal boundary layer (Jimenez et al., 2008) .
Volumetric rates of gross photosynthesis (P in mmol O 2 m À3 s À1 ) were measured by the light-dark shift method in vertical steps of 100 mm throughout the upper layers of the microbial mat until no photosynthesis was detected. Areal rates of photosynthesis (P a in mmol O 2 m À2 s À1 ) were calculated by integrating the volumetric rates over the euphotic zone. The flux of energy conserved by photosynthesis (J PS 
À1 is the Gibbs energy produced when O 2 is formed by splitting water (see Introduction). This expression quantifies the total flux of photosynthetically conserved energy, including all other subsequent energy conversions and mineralization processes taking place in the mat, such as excretion of carbohydrates and their subsequent respiration and/or incorporation into biomass by heterotrophic bacteria.
For a given absorbed light energy, J abs , the efficiencies of photosynthetic energy conservation (e PS ) and heat dissipation (e H ) for the entire euphotic zone of the mat were calculated from the energy fluxes as
In light-limiting conditions, that is, at J abs -0, the efficiencies were estimated as follows: First, the measured J PS as a function of J abs was fitted with the saturated exponential model (Webb et al., 1974) 
to estimate the maximum photochemically conserved energy flux, J PS,max , and the parameter E k characterizing the apparent photochemical light adaptation. Subsequently, it was assumed that autofluorescence from the mat is negligible and thus the energy budget in the mat satisfies the Equation 
The regulation of the photosynthetic efficiency by light in each layer within the euphotic zone was assessed as follows. First, the locally measured scalar irradiance integrated over PAR, E s , was fitted with an exponential function E s (z) ¼ E s (0) exp[Àa(zÀz 0 )] to estimate the light attenuation coefficient, a. Then, assuming a totally diffuse light field inside the mat (that is, photons at each depth propagated in all directions with equal probabilities), the local density of absorbed light (E˜a bs (z) in mmol photon m À3 s À1 ) was calculated as E˜a bs (z) ¼ (K/2)E s (z) (see derivation in Supplementary Information), where the absorption coefficient K is related to a and the irradiance reflectance R as
Finally, the local photosynthetic efficiency, Z, was calculated by dividing the locally measured volumetric rates of gross photosynthesis with E˜a bs (z), that is,
Furthermore, the local photosynthesis rates as a function of E˜a bs were fitted with the saturated exponential model (Equation 5 ) to yield the maximum photosynhesis rates P max (z) and parameters E˜k(z), from which the maximum local quantum efficiencies were calculated as Z max (z) ¼ P max (z)/E˜k(z).
More detailed descriptions of materials, methods and derivations are given as Supplementary Information.
Results
The energy budget was investigated for incident irradiances spanning a range of 20À1300 mmol photon m À2 s À1 . At all levels, scalar irradiance inside the microbial mat was attenuated exponentially with depth below 0.2 mm, reaching 1% of the surface level at B1.2 mm (Figure 1a ). The Figure 1 Vertical microprofiles of (a) scalar irradiance (in % of surface scalar irradiance), (b) volumetric rates of gross photosynthesis, and (c) temperature, measured in the studied microbial mat at increasing incident downwelling irradiances (legend in mmol photons m À2 s À1 ). Dotted horizontal lines indicate the mat surface. Open squares in panel (a) are the same data as those shown by solid squares, but plotted in a logarithmic scale. attenuation coefficient averaged over PAR was a ¼ 4.4 mm À1 . The scalar irradiance directly under the surface (0.1À0.2 mm) was slightly enhanced in comparison to the scalar irradiance at the surface, due to light scattering and photon trapping in the mat (for example, see Kü hl et al., 1996) . Similar to previous observations (Jørgensen et al., 1987; Jørgensen and des Marais, 1988; Lassen et al., 1992b; Kü hl and Fenchel, 2000) , spectral light attenuation was strongly enhanced around wavelengths corresponding to the absorption maxima of predominant photopigments in the mat (Supplementary Figure S2a) . Owing to this enhanced absorption, the irradiance reflectance, R, of the mat also exhibited pronounced minima around the same wavelengths (Supplementary Figure S2b) .
When integrated over PAR, 17.5% of the incident irradiance was back-scattered from the microbial mat. The remaining 82.5% of the energy carried by the incident irradiance was thus absorbed in the mat, with 99% of this absorption taking place in the top 1 mm. Chlorophyll a autofluorescence constituted less than 0.03%, 0.024% and 0.16% of the incident blue, green and amber excitation, respectively, and could thus be neglected in the overall energy budget.
The thickness of the euphotic zone varied with the incident irradiance, increasing from B0.4 mm at 22 mmol photon m À2 s À1 to B1.1 mm at 974 mmol photon m À2 s À1 (Figure 1b) . Besides a peak in PS found 0.3À0.4 mm below the mat surface at all irradiances, a second peak in photosynthetic activity emerged at a depth of B0.9 mm at incident irradiances X330 mmol photon m À2 s À1 . Areal rates of photosynthesis increased with the absorbed irradiance, J abs , according to the saturated exponential model (Equation 5), reaching a maximum value of P max ¼ 4.0 mmol O 2 m À2 s À1 at J abs 4800 mmol photon m À2 s À1 (Figure 2a ). Taking the initial slope of this photosynthesis vs absorbed irradiance relationship (P-E curve), the maximum QE of the microbial mat was 0.019 ± 0.001 O 2 per photon. When converted to energy units, we obtained a relationship between the photosynthetically conserved energy and vector irradiance, that is, the net downwelling energy flux used here as a measure of the absorbed light energy (Figure 2a) . The initial slope of this relationship, corresponding to the maximal energy conservation efficiency of the mat in light-limiting conditions, was 0.045±0.003. The amount of photosynthetically conserved energy reached an asymptotic value of B1.9 J m À2 s À1 at vector irradiances above B200 J m À2 s À1 . The microbial mat temperature was only a fraction of a degree higher than in the overlying water (Figure 1c) . However, the temperature difference increased with increasing irradiance, and a distinct thermal boundary layer was detectable at irradiances 4300 mmol photon m À2 s À1 (vector irradiances 454 J m À2 s
À1
). The flux of heat dissipated in the euphotic zone, as derived from the temperature gradient in thermal boundary layer (Equation 3), increased with the vector irradiance (Figure 2a) . When using only data measured above 54 J m À2 s
, that is, energy levels in which a temperature gradient in the thermal boundary layer was detectable, the slope of the linear fit was 0.969±0.035.
A plot of the summed flux of energy conserved by photosynthesis and heat dissipation vs vector irradiance exhibited a linear relationship with a slope of 0.979 ± 0.036, which was close to the theoretically expected slope of 1 (Figure 2a ). Assuming that the experimentally determined slope was exactly 1, we derived efficiencies of energy conservation and heat dissipation from Equation 4 and plotted them against the vector irradiance (Figure 2b ). The plot shows that under light-limiting conditions B4.5% of the absorbed light energy was conserved by photosynthesis, whereas B95.5% was (Figure 3a) , coinciding with the measured maxima of gross photosynthesis rates (compare with Figure 1b) . The local QE values gradually diminished with increasing irradiance, with the most pronounced decrease observed in the upper B0.5 mm of the mat. This effect is better illustrated in Figure 3b ; for example, although the local QE values at depths 0À0.5 mm decreased to 10À50% of the maximum efficiency at incident quantum irradiances 4300 mmol photon m À2 s À1 , the local QE values in the deeper parts of the mat remained around 70À100% of the maximum values.
Discussion
At the cellular level, optimal light utilization in oxygenic phototrophs follows the well-established Z-scheme, whereby energy of the photons absorbed by the light harvesting complex drives a series of redox reactions after an initial charge separation across the photosynthetic membrane, resulting in the generation of a proton gradient (used for ATP synthesis) and reduction equivalents. By coupling to the CO 2 fixation machinery and nutrient uptake, this process eventually results in the conversion of solar energy to chemical energy bound in organic-C compounds. It also leads to evolution of molecular oxygen as a byproduct. At very low photon fluxes, the rate of photosynthesis is limited by the rate of excitation energy supply to the photosystems, the efficiency of primary photochemistry and the stoichiometry of the two photoreactions required to generate the appropriate ATP and NADPH stoichiometry for O 2 evolution and CO 2 fixation. At higher photon fluxes, the redox reactions limit the rate of biochemical energy transformation, and only part of the absorbed light energy is actually stored, whereas the rest is dissipated non-photochemically as heat and fluorescence. Our measurements show that such a conceptual model of energy flow can be formulated and experimentally validated for a photosynthetic microbial mat, which represents a complex microbial ecosystem characterized by a high density of phototrophic (and other) cells and steep light gradients.
We demonstrated that the sum of photosynthetically stored energy, J PS , and energy dissipated as heat, J H , accounted well for the total energy absorbed by the microbial mat, J abs . At high irradiance, the discrepancy between J PS þ J H and J abs was only about 2%. This was considered satisfactory to prove our original hypothesis about the energy flow, especially when taking into account the experimental challenges involved, such as the necessity to conduct accurate light, temperature and photosynthesis measurements at sub-millimeter spatial resolution. At low irradiance, the discrepancy in the energy balance was larger; for example, although the slope of J H vs J abs was expected to decrease at low J abs (due to proportionally higher contribution of photosynthesis to light energy utilization), this was not clear from our data, mainly because the temperature gradients measured at J abs o50 J m À2 s À1 were close to or below the detection limit of the temperature microsensor. Therefore, the determination of the energy conversion efficiencies at low irradiance relied on the measurements of photosynthesis Light conversion in a microbial mat ecosystem M Al-Najjar et al and on the assumption that the energy balance J abs ¼ J PS þ J H remained valid for the entire range of investigated irradiances, although it could be experimentally verified with satisfactory accuracy only at high irradiances. In the studied microbial mat, a relatively large portion (17.5%) of the incident photosynthetically active radiation was back-scattered and thus not used by the mat. Auto-fluorescence emitted by pigments in the mat constituted only a negligible fraction of the total energy budget. The remaining 82.5% of the incident irradiance was absorbed within the top 0.4À1.1 mm of the mat. The majority of absorbed energy was dissipated as heat, whereas chemically conserved energy constituted less than 4.5% (Figure 2b) . The highest energy storage efficiency of the mat occurred under light-limiting conditions. With increasing irradiance, the photosynthetic efficiency decreased approximately inversely with the absorbed light energy (pJ À1 abs ), reaching less than 1% at J abs 4300 J m À2 s À1 . At the cellular level, the fact that photosynthesis follows a saturation curve, and that its efficiency therefore decreases, is foremost due to the enzymatic processes in the photosynthetic apparatus becoming rate limiting at increasing irradiance. Additional factors contributing to saturation, or even to inhibition at high irradiances, include enhanced photorespiration or cyclic photophosphorylation, which generate some ATP, or the formation of reactive oxygen species that can affect photosystem II by damaging the D1 protein or by preventing its repair (Hihara et al., 2001; Nishiyama et al., 2001 Nishiyama et al., , 2004 Aarti et al., 2007; Latifi et al., 2009) . Overall, the saturation dynamics of photosynthesis with irradiance (P-E curve) can be described by a number of empirical models (for example, Equation 5; Webb et al., 1974 ; also see MacIntyre et al., 2002) . As demonstrated by the P-E curves shown in Supplementary Figure S3 , a qualitatively similar physiological mechanism regulates photosynthetic activity in each individual layer of the mat 0 s euphotic zone. However, although one can expect that the changes in the photosynthetic efficiency on the ecosystem and cellular level are linked, the relationship between the two is complicated by the fact that the light present in the ecosystem exhibits a pronounced gradient (for example, the upper-most part of the euphotic zone experienced B100-fold higher light levels than the lower-most one; Figure 1a) . This relationship can be qualitatively understood by examining the vertical distribution of the local photosynthetic efficiencies as a function of irradiance. Comparing Figures 2a and 3a , b, it is clear that the energy storage efficiency of the entire mat in light-limiting conditions is maximal because all layers within the euphotic zone use the locally available light with maximum efficiency. This implies that the areal photosynthesis rate should initially increase approximately linearly with incident irradiance, which was indeed observed. An increase in the incident irradiance leads to an increase in local light availability for progressively deeper mat regions, with the upper layers experiencing a much higher increase compared with the deeper mat layers because of a steep light gradient in the mat. Consequently, the upper mat layers experience a more severe decrease in photosynthetic efficiency than the lower ones. The overall effect is a decrease in efficiency of the entire mat. However, the resulting value lies between those exhibited by the upper and lower parts of the euphotic zone, because it is a weighted average over all photosynthetically active layers. Such a decrease in efficiency results in the observed departure of the P-E relationship (areal rates) from the straight line towards a curve with a lower derivative (Figure 2a) . This trend continues with increasing irradiance until the efficiency in most of the euphotic zone is very low (Figures 3a and b, triangles) , leading to the observed saturation in the areal rate of gross photosynthesis (Figure 2a ). We confirmed this conceptual description by a simplified model, assuming similar but constant values for the maximum QE and the maximum volumetric rate of photosynthesis as those determined experimentally throughout the entire euphotic zone. By using the measured light attenuation in the euphotic zone in the model, we were able to reproduce the observed spatial heterogeneities in the decrease of the relative photosynthetic efficiency with the increasing irradiance levels (compare Figures 3b and c) .
The maximum QE (0.019 O 2 per photon) in the studied mat is about sixfold lower than the theoretical maximum, and is also at the lower end of values compiled from studies of various photosynthetic organisms, including higher plants, corals, macro-and microalgae (Supplementary Table S1 ). It needs to be realized, however, that our value represents the overall efficiency of the entire mat ecosystem and not of the actual phototrophic cells. In mats, a large proportion of the light energy is likely absorbed by abiotic (for example, sediment particles or Fe precipitates) or biotic but photosynthetically inactive components (for example, protective sunscreen pigments, detritus or phaeopigments). Thus, the true photosynthetic efficiency of the phototrophic cells comprizing the mat is likely higher than estimated from our measurements. Furthermore, there are other processes on the cellular level that cause uncoupling between light utilization, O 2 production and CO 2 fixation, and thus effect the estimated QE. For example, in cyclic photophosphorylation the energy of absorbed photons is stored as ATP but no O 2 is evolved, resulting in an underestimated QE based on O 2 measurements. The Mehler reaction has a similar qualitative effect on QE, because O 2 generated from oxidation of water is reduced to H 2 O 2 and ultimately back to water, with some ATP production. However, photorespiration can result in an overestimated QE values when determined from O 2 measurements, because ribulose-1,5-bisphosphate carboxylase/oxygenase reacts competitively with O 2 instead of CO 2 , which leads to lower CO 2 fixation than the measured O 2 evolution. Furthermore, part of the electrons generated from water oxidation are used for other reductive processes in the cell, such as reduction of nitrogen and sulfur, leading also to QE overestimation. Although the effects of these additonal processes are expected not to exceed 10% of the estimated QE at light-limiting conditions (Falkowski and Raven, 1997) , they are probably more significant under higher photon fluxes, especially because of a strong build-up of O 2 , reactive oxygen species and pH in the euphotic zone. However, an accurate quantification of such effects was not possible in our experimental approach.
The maximum QE in the studied mat exhibited a pronounced vertical stratification (Figure 3a) . The peaks at depths of 0.3À0.4 and 1 mm could be either due to the phototrophic cells being proportionally more abundant in these layers than the photosynthetically inactive mat components, or because the phototrophic cells were indeed physiologically adapted or acclimated to capture and use photons more efficiently (for example, by having a higher pigment content and/or absoption cross section). The position of these layers was probably the result of cell growth at optimal light conditions within the gradient light field generated by the incident light during mat growth. A detailed clarification of these interesting aspects would go beyond the scope of this study, but could be experimentally investigated, for example, by conducting microscale variable fluorescence measurements to map photosynthetic biomass in concert with quantum yields (Schreiber et al., 1996; Kü hl, 2005) , or by a range of new imaging methods (Kü hl and Polerecky, 2008) .
The overall EE of the studied mat ecosystem was in the order of 1À2% at irradiances corresponding to typical daytime values (100À1000 mmol photon m À2 s À1 ). This EE value may seem low when compared with the theoretical maximum of 27.7% or with the maximum efficiencies of individual organisms, such as plants or microalgae (Supplementary Table S1 ). However, the studied microbial mat is about 10À20 times more efficient than the estimated primary productivity of the global ecosystem, which converts around 0.1% of the available light to biomass (Makarieva et al., 2008) .
Besides presenting a new experimental approach for studying photosynthetic and energy efficiencies, this study also presents a theoretical framework for the description of light energy propagation, conversion and conservation in benthic photosynthetic systems such as microbial mats (see Supplementary Information). Owing to a high density of pigmented cells and other particles, light is intensively scattered and absorbed as it propagates through the mat. This results in a rapid switch from incident predominantly collimated light to diffuse light that is highly attenuated with depth in the mat (Kü hl and Jørgensen, 1992) . Previous study showed that light absorption at a specific depth in the mat could be quantified from combined measurements of the downwelling and upwelling irradiance and the scalar irradiance . However, in practice such measurements are laborious and difficult to use in complex samples.
In this study, we show that the locally absorbed light can be estimated from the locally available light. The proposed calculation (see Supplementary  Information) was adapted from the work of Yang et al. (2004) , who extended the original KubelkaMunk theory of light propagation in absorbing and scattering media. The essential step was the realization that (i) the downwelling and upwelling photon fluxes, for which the Kubelka-Munk formalism was originally developed, are proportional to the scalar irradiance if a totally diffused light field is assumed, and that (ii) the absorption coefficient required to calculate the absorbed light can be derived from the light attenuation coefficient obtained from the vertical profile of scalar irradiance and the reflectance of the mat (see Equation 7 and Supplementary Information). As all of these parameters can easily be measured, this is a major advantage which now makes it possible to calculate photosynthetic efficiencies inside dense assemblages of cells such as benthic biofilms or mats (Equation 8). However, one needs to be cautious with interpretation within the top 0.1À0.2 mm of the mat, where the light field is anisotropic . However, this region forms only a relatively small part of the euphotic zone.
In conclusion, this study presents, to the best of our knowledge, the first balanced assessment of the fate of light energy inside a microphytobenthic ecosystem. The energy budget is dominated by heat dissipation and the efficiency of photosynthetic energy conservation decreases with the increasing irradiance. Owing to steep light gradients, this decrease is highly heterogeneous across the euphotic zone. Moreover, we derived a mathematical formula to quantify the locally absorbed light from easily measured parameters, that is, the light attenuation coefficient, the reflectance and the scalar irradiance. On the basis of this study, it is now possible to address the photobiology of densely populated biofilms and microbial mats with intense absorption and scattering in much more detail, but our analysis may also find application in other areas of photosynthesis research, such as plant biology and biotechnology, for example, while optimizing quantum yields and growth efficiency of phototrophic cell cultures for biofuel production.
